AIM Respiratory illness is a major cause of morbidity and mortality in Rett syndrome. This study investigated respiratory morbidity and relationships with age, mutation type, feeding, and walking status.
INTERPRETATION Beyond the influence of mutation type, walking seems to have protective effects on respiratory health. Further studies of exercise physiology in Rett syndrome and how this can be influenced by increasing activity levels are indicated.
Rett syndrome is a rare but severe neurological disorder predominantly affecting females and is associated with mutations in the methyl-CpG-binding protein 2 gene (MECP2). 1 After apparently normal early development, affected females typically lose acquired speech and hand function, and develop stereotypical hand movements and impaired gait. 2 Common comorbidities include epilepsy, scoliosis, feeding difficulties, and breathing abnormalities. 2, 3 In a population-based study of Rett syndrome in Australia (n=396) with follow-up over 20 years, respiratoryrelated causes were responsible for more than 80% of the 57 deaths with a known cause recorded as lower respiratory tract infection (LRTI) (36%, 21 out of 57), aspiration/asphyxiation (31%, 18 out of 57), and respiratory failure (14%, 8 out of 57). 4 A recent study of Rett syndrome in Serbia (n=102) also found that pneumonia was the main cause of death (11 out of 19) over a 30-year period. 5 Pneumonia was the main reason for hospitalization in a Dutch study of 37 adult females with Rett syndrome followed over 5 years. 6 Pulmonary pathology per se has had little specific investigation in Rett syndrome. However, in an Italian case series (n=27) each with observed autonomic breathing abnormalities, abnormal findings on high-resolution computed tomography scans were identified in over half the cases, with bronchiolectasis identified in one-third despite no clinically recognizable lung disease. 7 Several years later, the same group identified abnormalities in pulmonary gas exchange in approximately three-quarters of their study population (n=228) and reported that a chronic mismatch in ventilation and perfusion seemed related to oxidative stress. 8 In the same study, lung histology was investigated in a mouse model, and diffuse inflammatory infiltrate of the terminal bronchioles and alveoli was identified in two of four MECP2-mutant mice. 8 These findings indicate structural lung pathology in addition to autonomic effects on breathing dysfunction. 9 Comorbidities associated with Rett syndrome could each be associated with respiratory infections. Scoliosis, a prevalent comorbidity affecting three-quarters of individuals with Rett syndrome by 15 years of age, 10 can impair posture and mobility as well as digestive and respiratory functioning. Epilepsy has been associated with an increased risk of respiratory infection in other intellectual disabilities, 11 with aspiration during or after seizures increasing vulnerability to respiratory infection. Poor oromotor control reduces abilities to chew and swallow, placing the airway at risk of aspiration, 12 and enteral feeding was instituted in 28.8% of a population-based sample with Rett syndrome. 13 Reduced mobility in cerebral palsy was associated with greater risk of hospital admission for respiratory-related illness 14 and similar associations could be observed in Rett syndrome. 6 Despite some evidence of underlying pulmonary pathology, and beyond the reporting of respiratory illness as a major cause of morbidity and mortality, the incidence of respiratory infection and its potential risk factors have not been examined in Rett syndrome. Using data from the International Rett Syndrome Phenotype Database (InterRett), 15 we investigated respiratory morbidity in Rett syndrome and examined relationships between feeding difficulties, respiratory symptoms, and hospital admissions, and age, mutation type, feeding, and walking status.
METHOD
Study methodology has been previously described. 9 In brief, English-speaking families with a child with a confirmed clinical diagnosis 2 and a pathogenic MECP2 mutation were recruited from InterRett and invited to complete a questionnaire. 15 The questionnaire was administered using the Research Electronic Data Capture (REDCap) tool, with a paper format or telephone interview also available. Ethics approval was provided by The University of Western Australia Human Research Ethics Committee (RA/4/1/7449).
Mutations were grouped as C-terminal deletion, early truncating, large deletion, p.Arg106Trp, p.Arg133Cys, p.Arg168*, p.Arg255*, p.Arg270*, p.Arg294*, p.Arg306Cys, and p.Thr158Met, and all other pathogenic mutations were grouped as 'other'. Current age was categorized as '<7 years', '7-12 years', '13-19 years', or '≥20 years'. Mobility was grouped as follows: 'learned to walk and currently independent', 'learned to walk independently but currently assisted', 'never learned to walk independently and currently assisted walking', 'learned to walk independently but currently unable to walk', or 'never learned and currently unable to walk'. For those with a dignosis of epilepsy, parents were asked to classify their child's seizures as 'not controlled (daily/more than once a week)', 'frequent (once per week)', 'occasional (once per month)', 'rare (once or twice per year)', or 'completely under control'. Parents reported on whether their child had ever been diagnosed with scoliosis. Residential status was categorized as 'parental home(s)', 'group home or community residential unit', 'hospital or nursing home', or 'other'.
Feeding method was categorized as enteral or not. A ternary variable was created with categories of 'no feeding difficulties', 'presence of at least one feeding difficulty' (daily choking during or after feeding or drinking, or any use of food or drink modification), and 'enteral feeding'. A binary variable was created where the presence of any respiratory symptom (coughing, expectoration of mucous, noisy breathing including wheeze) occurring every day or multiple times a day was categorized as the presence of any respiratory symptom and otherwise as absent.
Respondents were asked to list their child's hospitalizations over the previous 5 years and report the reason for admission, when they were admitted, and the length of admission in days. Hospital admissions for 'pneumonia', 'aspiration', and 'bronchitis' were all categorized as LRTI. Follow-up time was determined for each individual as the previous 5 years, except where the child with Rett syndrome was under 5 years of age in which case their age at ascertainment was used as the length of follow-up. Both number of hospital admissions and length of stay were examined as count data. A binary variable was derived indicating whether or not the individual had been admitted for LRTI.
Respondents were also asked to describe the impact of breath holding and hyperventilation on the individual's life by choosing from the options 'none', 'minor', 'moderate', and 'major'; for individuals with no reported history of the condition the response was categorized as 'none'. In the analysis, the variable was dichotomized into 'none or minor' and 'moderate or major'.
Statistical analyses
Associations between feeding ability, the presence of respiratory symptoms and age, mutation, and walking status were examined using Pearson's v 2 test of independence. Rates of hospital admission because of an LRTI and associated cumulative annual lengths of hospital stay were investigated by age, mutation type, and walking status. Rate of admissions was defined as the total number of admissions divided by the aggregate follow-up (in personyears), and the cumulative annual length of stay was calculated as the cumulative length of stay divided by the aggregate follow-up. The 95% confidence intervals (CIs) were estimated using Poisson's exact method. Generalized linear models with log link were fitted to compare the risk of hospital admissions over 5 years because of an LRTI among age groups, mutation types, enteral feeding, and walking status. On the basis of subject matter knowledge, three multivariable regression models with relevant confounding factors were also fitted to evaluate the association between hospital admission and the following variables: (1) mutation type (adjusted for age group); (2) enteral feeding (adjusted for age group and mutation type); and (3) walking status (adjusted for age group and impacts of breath holding and hyperventilation). Mutation type was not included as a confounder in model 3, because it was strongly associated with learning to walk independently and had already been incorporated into the walking status variable. We replicated model 3 in a subgroup of individuals who never learned to walk independently. For all regression models, estimates and their 95% CIs were reported. Complete case analysis was performed assuming
What this paper adds
• Rett syndrome is associated with increased vulnerability to lower respiratory tract infection (LRTI) requiring hospitalization.
• Enteral feeding is associated with a higher risk of hospital admission for LRTI.
• Assisted walking mitigates the risk of hospital admission for LRTI for those unable to walk independently. data were missing completely at random. All statistical analyses used Stata 14.2 (StataCorp, College Station, TX, USA).
RESULTS
Questionnaires were returned by 86% (413 out of 482) of families. Of these, 399 (96.6%) had data on feeding ability and were included in the analysis. The majority (82.2%) lived in the USA and almost all (98.0%) were natural parents of the individual with Rett syndrome. Most (94.0%) also indicated their affected family member was residing in the parental home. All but two individuals (0.5%) were female and the median age was 14 years 6 months (range 2-57y). The frequency distributions of place of residence, age group, mutation type, current mobility, scoliosis, seizure diagnosis, and current seizure frequency are shown in Table I . Just fewer than one-third (31.3%) were unable to walk, with most of these individuals never having learned to walk independently (85.1%, 103 out of 121). A similar proportion were able to walk with assistance (29.5%) although over half (58.3%, 67 out of 115) of this group had never walked independently. Just over one-third (39.3%) continued to walk independently. Scoliosis and epilepsy were each diagnosed in just over two-thirds of the study group (68.9% and 67.8% respectively). Seizures were reported to be completely under control in 23.6% of those diagnosed with epilepsy, while 39.0% were reported to experience seizures at least weekly. Perceived moderate or major impact of breath holding and hyperventilation were reported in 23.5% and 15.5% of cases respectively (Table I) .
Nearly 40% had no feeding difficulties, nearly a quarter had either modified food or drinks, or choked at least daily during or after feeding or drinking, and a little over a third (37.1%) of the sample was reported to use enteral feeding (Table II) . The least enteral feeding (28.6%) and the highest proportion of feeding difficulties (42.9%) were reported for the youngest age group. Comparatively, those aged 13 to 19 years were more likely to be using enteral feeding (42.9%) and least likely to have feeding difficulties (16.8%) . Approximately half of those with a p.Arg255* (51.1%) or p.Arg270* (48.0%) mutation were reported to use enteral feeding. By contrast, almost three-quarters (73.3%) of individuals with a p.Arg133Cys mutation ate orally with no food or drink modification. Just over twothirds (67.3%) of those walking independently did not have feeding difficulties or use enteral feeding.
Daily episodes of any respiratory symptom were experienced by 15.0%, ranging from 11.0% in individuals aged 13 to 19 years to 22.0% in those younger than 7 years, and was reported for approximately a quarter of individuals with a p.Arg168* (27.9%) or p.Thr158Met (24.3%) mutation (Table II) . The presence of daily respiratory symptoms was reduced with better walking ability (p<0.01).
A hospital admission for LRTI over the previous 5 years was reported for slightly more than one-fifth (21.4%, 85 out of 398) of individuals, and numbered two or more for 11.6% (46 out of 398) of the sample. With a total of 230 admissions, the mean rate of hospital admission because of an LRTI over 5 years for the sample was 0.12 admissions per person/year (95% CI 0.11-0.13). Mean admission rates because of an LRTI increased slightly with older age ( Table III) . The highest mean rate was observed in those with p.Arg255* (0.22 admissions per person/year, 95% CI 0.16-0.29), followed by that of those with p.Arg168* mutation. Generally, higher mean admission rates were associated with decreasing ability to walk. Individuals currently walking independently had a mean rate of 0.02 admissions per person/year (95% CI 0.01-0.03) compared with a mean value of 0.31 per person/year (95% CI 0.26-0.36) for those who never learned to walk and were currently unable to walk. Assisted walkers had similar mean admission rates regardless of whether they had ever learned to walk independently (Table III) . Mean cumulative length of stay rate over the 5-year exposure period was shortest for those younger than Age group and mutation type did not seem to be associated with risk of hospital admission for LRTI over the 5-year observation period (Table IV) . When adjusted for age and mutation, the risk of admission in those who used enteral feeding was nearly twice that of those fed orally (adjusted relative risk 1.79; 95% CI 1.21-2.65; p<0.01). When adjusted for age, individuals who walked assisted or who were unable to walk, regardless of previous walking status, had increased risk of hospitalization compared with those who walked independently at the time of questionnaire completion. Specifically, compared with the reference group, assisted walking was associated with an approximately three times higher risk of hospital admission, while the risk was more than fivefold higher in individuals who were unable to walk. The risk of hospitalization was lower in individuals with a reported moderate or major impact of hyperventilation compared with the baseline group (adjusted relative risk 0.49; 95% CI 0.23-1.03; p=0.06). Among the subgroup who never learned to walk independently (n=170), individuals not able to walk had almost twice the risk of hospitalization compared with those with assisted walking (adjusted relative risk 1.86; 95% CI 1.08-3.20; p=0.03). Four mutation types, p.Arg168*, p.Arg255*, p.Arg270*, and p.Thr158Met, constituted most (57.6%) genetic variants in this subgroup.
DISCUSSION
Our large data set found that hospital admissions for LRTI were frequent and probably associated with considerable burden for child, family, and health care sectors. The frequency of hospital admissions for LRTI episodes for Rett 16 or Aboriginal children up to age 10 years in Western Australia (0.093 admissions per person/year), 17 and much higher than nonAboriginal children in the general population up to age 10 years (0.016 admissions per person/year). 17 Previous studies have demonstrated relationships between MECP2 mutation type and clinical severity of Rett syndrome (see, for example, Bebbington et al. 18 and Cuddapah et al.). 19 Some mutations associated with greater clinical severity (p.Arg168* and p.Thr158Met) tended to have more frequent day-to-day respiratory symptoms, and others (pArg106Trp, pArg255*, pArg270*) had the highest risk of hospitalizations for LRTI, although these associations did not reach significance. Older age was associated with a small increased risk of hospital admission for LRTI but the average duration of hospital admissions was nearly three times longer for adults than for those aged younger than 7 years. One might have expected a greater increased risk of hospital admission in adulthood but the modest increase we saw may be a consequence of survival bias where those with greatest clinical severity had already died.
Alternatively, functional abilities were strongly related to the risks of hospital admission for LRTI. We could hypothesize that enteral feeding would reduce the risk of aspiration, thereby strengthening respiratory health. However, enteral feeding had close to twice the risk of hospital admission for LRTI even after adjustment for age and mutation type. Potentially, intervention to manage aspiration occurred too late, which is consistent with our observation that feeding difficulties were common yet enteral feeding was uncommon in children younger than 7 years. Even with enteral feeding, gastro-oesophageal reflux and difficulties swallowing saliva could still be associated with aspiration. However, our findings are consistent with previous observations where patients with mixed diagnoses who underwent gastrostomy for risk of aspiration experienced more hospital admissions than those with similar risk who were fed orally. 20 A larger proportion of individuals who were unable to walk were also more likely to be fed enterally and have day-to-day respiratory symptoms, indicative of greater clinical severity. Our data indicated a sixfold greater risk for hospital admission for LRTI in those unable to walk compared with those who walked independently, with being able to walk with assistance associated with intermediate risk. This could reflect greater clinical severity because those who walk independently are less severe. However, within the group who never learned to walk independently, the health benefits provided by assisted walking seem to justify this as an intervention.
Evidence is accumulating that systems additional to the central nervous system are affected in Rett syndrome. The respiratory system is no exception, 7, 8 with evidence of lower airway inflammation 7 and a mismatch in ventilation and perfusion in healthy individuals with Rett syndrome. Ventilation and perfusion mismatch is the most common cause of hypoventilation and shunt resulting in hypoxaemia 21 and could in part be caused by lower airway inflammation. Chronic ventilation and perfusion mismatch in combination with poor swallowing and reduced physical activity could explain the vulnerability to respiratory infection. While enteral feeding did not reduce the risk of LRTI, any activity afforded by either independent or assisted walking was associated with fewer respiratory hospitalizations, with hyperventilation associated with a smaller effect size. Recumbency and deconditioning have negative effects on respiratory health in individuals with acute and chronic respiratory disease 22 but this has not been previously quantified in Rett syndrome. Exercise has multiple positive effects on respiratory function, including increased minute ventilation and cardiac output, and reduced ventilation and perfusion mismatch by recruitment of lung zones with low ventilation or low perfusion and mobilization of secretions for easier coughing. 22 Individuals with Rett syndrome who need assistance to walk are sedentary for approximately three-quarters of the day. 23 These data suggest that replacing sedentary time by light physical activity with daily routines could exploit these mechanisms to improve respiratory health in Rett syndrome with greater effect.
We collected data from more than 400 families to conduct the largest sample so far on this topic. We explored three multivariable models, selecting the independent variables by their potential to confound and influence both the other independent variables and the dependent variable. Mutation type is strongly predictive of learning to walk 18 and we have previously identified four trajectories of walking status. 10 We therefore created a walking variable that included the influence of mutation and later activity status, to more fully understand whether activity status contributed to respiratory health beyond mutation type. We acknowledge that the length of recall for hospitalizations for LRTI over the previous 5 years could have been associated with some error, but this is unlikely to be systematic and associated with bias. Unexpectedly, we found that the respiratory symptoms and hospital admissions for LRTI were infrequently reported for individuals with a large deletion, a mutation that is typically associated with greater clinical severity. 24 On inspection, most individuals with a large deletion were younger and our data may have reflected a survival bias.
Autonomic breathing disturbances, which usually manifest as hyperventilation and breath holding, have long been recognized in Rett syndrome. 2 Evidence points towards greater complexity in respiratory functioning, with mechanisms including lower airway inflammation and ventilation and perfusion mismatch at play. 7, 8 Building on this, our data provide clinical evidence of vulnerability to LRTI requiring hospitalization, which occurs more frequently in Rett syndrome than the general population. Walking seems to have protective effects on respiratory health, beyond the influence of mutation, making an important contribution to health and well-being. Our study provides much needed evidence to support the maintenance of activity programmes, which typically reduce during adolescence and adulthood, because of our suggested benefits for respiratory health. These findings also indicate the need for further studies of respiratory physiology in Rett syndrome and how this can be influenced by increasing activity levels.
